This study is aimed at the development of civil engineering materials such as pavement blocks and building tiles that can moderate the heat island phenomenon. This is achieved by exploiting properties such as the material porous structure, high water absorption capacity and high strength of ceramics produced by mixing clay and crushed waste glass fiber-reinforced plastic (GFRP) before firing. Fundamental properties, such as pore size distribution, water absorption capacity, solution pH after ceramic immersion, bending strength, freezing resistance performance and thermal conductivity of ceramic specimens with varying ratios of clay and GFRP were clarified. The radiant heat reduction performance of the ceramic was examined by measuring the surface temperatures of a ceramic sample made from clay, a ceramic sample made by mixing 20% GFRP with clay, and a mortar sample in water-saturated and dry states while their surfaces were irradiated with infrared light. To clarify the difference in temperature-reducing ability by evaporation heat on each sample, the amount of water evaporated from a sample that had absorbed water and was irradiated with infrared light was measured. The rate of heat-absorption from the sample by water evaporation was estimated. The temperature-reducing effect by evaporation heat of the sample during water-absorption was verified quantitatively by thermal conductivity analysis using finite element methods. While water-saturated, a 20% GFRP/clay ceramic sample could reduce the increase in temperature caused by radiant heat considerably, and for an extended duration. It is expected that such ceramics could be used in civil engineering materials to counteract the heat island phenomenon.
Introduction
Glass fiber-reinforced plastic (GFRP) is plastic to which glass fiber has been added as a reinforcement material in order to improve its specific stiffness, strength and incombustibility. GFRP has been used in various products such as automobile parts and small vehicles. It is difficult to recycle waste GFRP using existing recycling technologies, including many mechanical, thermal and chemical techniques (Nagaoka, T., 2008 ) (Ministry of the Environment, 2010) (Plastic waste management institute, 2014) (Yang, Y. et al., 2012) , because GFRP contains glass fiber. Much of this waste is therefore buried underground as industrial waste. Fine glass fiber dust and leachates from these landfills may cause serious health and environmental damage. Therefore, the development of an effective technique for waste GFRP disposal without polluting the environment is highly desirable. To recycle waste GFRP, we have proposed a process 2. Experiments 2.1 Ceramic manufacture from GFRP 2.1.1 Raw materials Figure 1 shows the raw materials used to produce the specimens. Table 1 shows the GFRP and clay inorganic chemical compositions after firing, and the chemical compositions of ceramics made by mixing clay and GFRP. The glass fiber in the GFRP contains SiO 2 , CaO and Al 2 O 3 as main components, whereas the clay contains SiO 2 and Al 2 O 3 as its main components. The CaO component ratio in the glass fiber is larger than that of the clay. Ceramics made by mixing clay and GFRP have a slightly larger CaO component than clay alone, even though the ceramics have similar chemical compositions. 
Ceramic production
Specimens were produced using the following procedures: (1) Clay and GFRP were crushed using a New Power Mill PM-2005 rotary mill (Osaka Chemical Co., Ltd., Japan) and were sifted using a 0.5 mm mesh screen. (2) The crushed GFRP (0 ~ 40% of its total mass) was mixed with the clay. (3) The mixtures were solidified by pressing into molds at 5 MPa using a universal testing machine (Shimadzu Corp., Japan, type: AG-X50kN). Two kinds of molds were used to produce various specimens for the bending strength test and for measuring temperature changes caused by radiant heat. The specimen dimensions and shapes are described in the next section. (4) The molded samples were heated in an oxidizing atmosphere from 100 °C h −1 to 1000 °C using an electric furnace (Kyoei Electric Kilns Co., Ltd., Japan, type: KY-4N). The samples were held at 1000 °C for 1 h, and then cooled to room temperature in the furnace. The melting point of clay used in this study was ~1200 °C, and that of the glass fiber in the GFRP was ~1170 °C (Satsuka, S., 1985) (Tanaka M., 1980) . We made the ceramics by firing the clay/crushed GFRP mixture at 1000 °C in consideration of its production cost.
Experimental procedures 2.2.1 Measurement of apparent porosity, pore size distribution and water absorption by ceramic
The strength, water absorption and thermal properties of a ceramic depend on its structural porosity and pore size distribution. We measured the apparent porosity and pore size distribution using a mercury porosimeter and water absorption based on the Japanese Industrial Standard (JIS R2205) for ceramics made from clay and GFRP. To measure the water absorption of ceramics, specimens were dried in a furnace at 40 °C for more than 24 h before being weighed. They were then soaked in water at 20 °C for more than 24 h and weighed again. The water absorption was calculated from:
(1) where m 0 is the dried specimen mass and m is mass of the specimen that contains absorbed water.
pH measurement of solution after ceramic immersion
To confirm that the liquid into which the ceramic made from clay and GFRP had been immersed would not affect the environment, we measured the solution pH after immersion based on the "Test Method for pH of Suspended Soils of the Japanese Geotechnical Society (JGS0211)". Specimens were dried in a furnace and were crushed to ~1 mm or less. Specimen powders were immersed in distilled water with a mass five times that of the powder for more than 30 min before the solution pH was measured.
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Strength test
We carried out four-point bending tests to determine the manufacturing conditions necessary to provide ceramics of the same bending strength as pavement blocks made to Japanese Architectural Standard Specifications. Specimens were 70 mm long, 20 mm wide and ~12 mm thick. Tests were performed using a universal testing machine (Shimadzu Corp., Japan, type: AG-X50kN) at a crosshead speed of 0.5 mm min −1 . The maximum bending stress was calculated using the following equation from the measured maximum load:
where P is the maximum load, L is the 26 mm distance between the lower supporting points, a is the 10 mm distance between the upper loading points and b and h are the specimen rectangular cross sectional width and depth, respectively.
Freezing and thawing tests
Four distinct seasons occur in Japan and summer and winter temperature differences are relatively large. In some cities, the temperature exceeds 30 °C in the summer and drops below 0 °C in the winter. It is important to determine material freezing resistance performance because ceramics made from clay and GFRP have high porosities and water absorption. Therefore, we examined the freeze damage resistance by performing cyclic freezing and thawing tests on the ceramics. Such tests were performed by freezing in air samples that had been saturated in water and then allowing their contained water to melt. This test was based on Japanese Industrial Standard JIS A1435. Bending strength tests were also performed on samples that had been subjected to freezing and thawing tests. Samples were frozen and thawed 10 times.
Measurement of apparent thermal conductivity and temperature change caused by radiant heat
It may be possible to lower indoor temperatures by using tiles with a low thermal conductivity on exterior walls and roof tops. We measured and compared the thermal conductivities of a ceramic sample made from clay, a ceramic sample made from clay and GFRP, and a mortar sample, using a hot wire method (HWM-15, Spain Lab, Co., Ltd.) and based on the Japanese Industrial Standard (JIS R2251-1). To determine by how much the ceramic surface temperature increased with radiant heat, temperature changes on the ceramic and mortar sample surfaces were measured when their surfaces were irradiated with infrared light. Figure 2 shows a schematic illustration of the temperature measurement setup. A commercial halogen heater (HL-501S, Takagi Co., Ltd., Japan; 500 W electric power lighting) was used to irradiate the sample with infrared light. Clay, clay/20% GFRP and mortar samples were tested.
The mortar sample was made by mixing a fine aggregate with ordinary Portland cement. The mass ratio of Portland cement to fine aggregate was 1 to 1. The ceramic and mortar samples were 10-mm-thick, 100-mm-long squares. The mortar and clay ceramic sample masses were 204 g and 185 g, respectively. The dry mass of the clay/20% GFRP ceramic sample was 164 g. Samples were dried for 24 h or more at 40 °C. Infrared light irradiation was carried out in a darkroom. The light intensity near the sample surfaces was 1845 cd, and the illuminance was 19910 lx as measured Fig. 2 Measurement of temperature changes by radiant heat for ceramic and mortar samples using a multi-environmental measuring instrument (LM-8102, China). Front and rear sample surface temperatures were measured using thermocouples. The use of water retentive blocks in pavements can reduce surface temperatures more than conventional pavement blocks because of evaporation heat. Dry samples and samples that had absorbed water were used to determine the influence of evaporation heat on sample surface temperature. Water absorption by the clay, clay/GFRP ceramic and mortar samples was 13%, ~26% and ~6%, respectively.
3. Results and discussion 3.1 Density, apparent porosity and water absorption by ceramic Figure 3 shows an example of a specimen made from clay and GFRP as well as its surface structure. Specimen surfaces were studied by optical microscope. Voids are generated by resin decomposition and glass fibers in the clay structure of the specimen. Figure 4 shows the density, apparent porosity and water absorption of specimens made from clay and GFRP. The mixing ratio of the resin in the GFRP is provided. Densities of ceramics made from clay and GFRP decreased as the mixing ratio of GFRP increased because the mixing ratio of resin in the GFRP increased. Their densities ranged from 1.1 × 10 3 to 1.8 × 10 3 kg m −3
. Brick densities ranged from 1.6 × 10 3 to 3.7 × 10 3 kg m -3 , and that of concrete was ~2.4 × 10 3 kg m -3 (The Japan Society of Mechanical Engineering ed., 1993). Specimens made from clay and crushed GFRP were very light. Water absorption by the specimens increased with increase in GFRP mixing ratio because of the increase in void space. These specimens also displayed comparatively high water absorption, considering that the water absorption of a common brick is less than 15% (Japanese Industrial Standard R1250). Figure 5 shows that the pH of the liquid after clay/GFRP specimen immersion became slightly alkaline as the mixing ratio of GFRP increased. From the chemical compositions in Table 1 , it is believed that CaO reacted with water to generate hydroxide ions of the form Ca(OH) 2 because glass fiber contains more CaO than clay. 3.3 Ceramic bending strength and freezing resistance performance 3.3.1 Bending strength Figure 6 shows Weibull plots of the bending strength of specimens made by mixing 0 ~ 20% GFRP with clay. The x and y-axes express the logarithms of bending strength and specimen cumulative failure probability P, respectively. The bending strength of porous specimens without glass fiber made by mixing crushed resin with clay is shown together with that of clay/GFRP specimens. Table 2 shows the shape and scale parameters of a Weibull distribution with two parameters that are estimated by the least squares method.
pH measurement after ceramic immersion
The bending strength of specimens made from clay and GFRP decreased as the mixing ratio of resin increased because the void space increased. Compared with the bending strength of the porous specimens without glass fiber, the bending strength of specimens containing glass fiber was relatively high. Porous ceramics made from clay and GFRP were therefore reinforced by glass fiber. There is no clear difference in dispersion of each specimen's bending strength because there is only a slight difference in shape parameter m, which is the inclination of the straight line approximated by the least squares method. A bending strength of 3 MPa or more is required for sub-base materials such as interlocking pavement blocks. Ceramics made from clay and GFRP meet this criterion when the mixing ratio of GFRP is approximately 20% or less.
In this study, we made ceramic specimens by solidifying the mixture of clay and crushed GFRP under a pressure of 5 MPa using a press machine with a load capacity of 50 kN before firing. This is because, when making the ceramic sample of 100-mm-long squares using the press machine, the maximum value for the molding pressure is 5 MPa because of loading capacity restrictions. If the mixtures of clay and crushed GFRP are solidified under a pressure of 10 MPa, the strength of ceramics becomes higher, such that the ceramics meet the criterion of the strength required for sub-base materials at a higher mixing ratio of GFRP (Kinoshita, H. et al., 2010 (Kinoshita, H. et al., , 2016 . For GFRP with higher glass fiber content, the ceramics also meet the criterion up to a higher mixing ratio of GFRP (Kinoshita, H. et al., 2014) .
Freezing resistance performance
Figure 7(a) compares the specimen bending strength with and without cyclic freezing and thawing. Bar graph heights express average values of bending strength and the error bars show the standard deviation. Bending strength tests of specimens subjected to 10 freezing and thawing cycles were performed on 10 samples. The bending strength of specimens made from clay alone decreased considerably after freezing and thawing. Clay/GFRP specimens showed a slightly smaller decrease in bending strength than that of the clay specimen. thawing observed by an optical microscope (KEYENCE VHX-100). Some micro cracks in the structure of the clay sample after freezing and thawing were formed. For the clay/ 20% GFRP sample, we could not clearly confirm the generation of the crack. In a study on frost damage of clay roofing tiles, Nakamura et al. (1977 Nakamura et al. ( , 1986 indicated that structures with 200~800 nm pore diameters were easily damaged by frost. The specimen made from clay alone contained many pores of 1 µm or less, as shown in Figure 8 . Therefore, it is believed that the bending strength decreases considerably after freezing and thawing. In contrast, the clay/20% GFRP specimen contained many pores of several micrometers to several tens of micrometers. It is also believed that the influence of frost damage on specimens made from clay and GFRP was slightly smaller because their structures contained many pores that were larger than 1 µm. Ceramics made from clay and GFRP could reduce pressure caused by frost expansion because of their many larger void spaces. Ceramics made from clay and GFRP also meet the bending strength (3 MPa or more) required for sub-base materials at mixing ratios up to ~20% GFRP when they were frozen and thawed repeatedly. Figure 9 compares the thermal conductivities of the ceramic and mortar samples. The thermal conductivity of the mortar sample was approximately twice that of the ceramic sample made from clay alone. The thermal conductivity of the ceramic sample made from clay alone was higher than those of the ceramic samples made from clay and GFRP.
Ability of ceramic to reduce radiant heat 3.4.1 Ceramic thermal conductivity characteristics
The thermal conductivities of the ceramic samples made from clay and GFRP decreased as the mixing ratio of GFRP increased. The mortar sample porosity was 22% and was approximately equal to that of the ceramic sample made from clay alone. Ceramic samples made by mixing 10% or 20% GFRP with clay had porosities of ~30% and 40%, respectively. The mortar sample is believed to have shown higher thermal conductivity than the ceramic made from clay alone because of differences in chemical composition. The thermal conductivities of ceramics made from clay and GFRP were lower than that of the ceramic made from clay alone, because of the higher ceramic porosities. It is therefore expected that ceramics made from clay and GFRP could lower indoor temperatures in summer if they were used as tiles on exterior walls and roof tops.
Temperature changes of samples caused by radiant heat
The surface temperatures of ceramic and mortar samples were measured when their surfaces were irradiated with infrared light, as shown in Fig. 2 . The mortar sample, the ceramic sample made from clay alone and the ceramic sample made by mixing 20% GFRP with clay were used for the tests. These samples were 10-mm-thick, 100-mm-long squares.
Figure 10(a) shows the temperature of the front and rear surfaces when the dry samples were irradiated with infrared light. For the sample frontal surface temperature, each sample temperature became nearly the same after approximately 1.0 h. For the sample rear surface temperature, the ceramic sample temperature made by mixing 20% GFRP with clay became almost the same as that of the ceramic sample made from clay alone. In contrast, the rear surface temperature of the mortar sample became higher than that of the ceramic samples. This may result from differences in thermal conductivity because the temperature gradient in the thickness direction of the mortar sample is smaller than that of the ceramic samples.
Although clay/GFRP ceramic in a dry state cannot restrict increases in surface temperature caused by radiant heat any more effectively than the mortar, which is used as a raw material in conventional pavement blocks, it can reduce indoor temperature rises through ceramic adiabaticity when used as tiles on exterior walls and roof tops.
Figure 10(b) shows the temperature of the front and rear surfaces when a water-saturated front sample surface is irradiated with infrared light. The masses of water absorbed by the mortar sample, the ceramic sample made from clay alone, and the clay/20% GFRP ceramic sample were 12 g, 24 g and 44 g, respectively. The front and rear surface temperatures of the mortar sample that absorbed water became almost constant after approximately 2.0 h. The temperature of the front surface became nearly equal to that of the dry sample when it was irradiated with infrared light. The temperature of the front and rear surfaces of the clay and clay/GFRP ceramic samples in water-saturated states exhibited different temperature changes from that of the mortar sample. The temperature of the front and rear surfaces of the ceramic sample made from clay increased steeply for 0.5 h, and then remained at a nearly-constant low temperature for approximately 2.0 h. The temperature of the front and rear surfaces increased again and became almost constant after approximately 6.0 h.
Similarly, the temperature of the front and rear surfaces of the clay/20% GFRP ceramic sample also increased steeply for approximately 0.5 h, and then remained at a nearly-constant low temperature for approximately 4.0 h. The temperature of the front and rear surfaces increased again and became almost fixed after approximately 10.0 h. Eventually, the front surface temperature for all samples almost equalized, and the temperature was nearly equal to the final dry sample temperature. These results clarify the radiant heat-reducing effect caused by heat of evaporation from samples that absorb water. It is also clear that the clay/20% GFRP ceramic that was able to absorb sufficient water could decrease the temperature rise caused by radiant heat considerably and for a long time. It is thought that this ceramic could be used as a pavement block material to counteract the heat island effect.
Consideration of quantity of heat absorbed from samples by water evaporation
Temperature changes of samples caused by radiant heat showed that the surface temperatures of samples that absorb water decreased for a limited time compared with those of dry samples when irradiated with infrared light. It is believed that the reduction in temperature is caused by evaporation heat acting on the sample absorbing water. The change in temperature of each sample is explained as follows.
Figure 11(a) shows the cumulative water evaporated from the sample while the sample absorbing water was being irradiated. The amount of water evaporated from the clay/20 % GFRP ceramic sample was the largest and that evaporated from the mortar sample was the smallest. The result also confirms that more water is evaporated from samples that contain larger amounts of water.
Figure 11(b) shows the rate of water evaporation on each sample and the quantity of heat per unit time absorbed from the sample by water evaporation. Here, the rate of water evaporation on each sample corresponds to the incline of each curve in Fig. 11(a) . The quantity of heat per unit time absorbed from the sample by water evaporation was obtained as follows.
The water evaporation heat per mass is 2452~2380 kJ kg −1 (20~50 °C) (The Japan Society of Mechanical Engineering ed., 1993). The quantity of heat does not change significantly in this temperature range. Therefore, we approximated the evaporation heat per mass to a constant value of 2400 kJ kg −1 . By using this value, we can estimate the quantity of heat absorbed from the sample by water evaporation if we know the amount of water that evaporates from the sample. We estimated the quantity of heat per unit time absorbed from each sample by water evaporation by multiplying the rate of water evaporation for each sample and the water evaporation heat per unit mass. The rate of water evaporation of a mortar sample is very small compared with those of ceramic samples and decreased gradually when the sample was irradiated. The quantity of heat being absorbed from the sample was also small and decreased gradually with time. Therefore, it is believed that the temperature of the mortar sample that absorbs water increased slightly more slowly than that of the dry mortar sample.
For ceramic samples that contain significant water, the 20% GFRP and clay sample and the sample made from clay alone exhibited almost the same rate of water evaporation during the early stage when they were irradiated with infrared light, and the rates of water evaporation were constant for approximately 4 and 2 h, respectively. A certain amount of heat was absorbed from the sample over a limited time. Therefore, each ceramic sample surface was kept at a nearly-constant lower temperature for a limited time. After the sample was kept at a nearly-constant low temperature, the surface temperature increased sluggishly again because water in the sample was removed by evaporation. Figure 11 (b) also explains why the period during which the surface of the clay/20% GFRP ceramic sample remained at a constant low temperature was approximately twice that of the ceramic sample made from clay alone. This period depends on the amount of water contained in the sample and a material with a high water absorption capacity can restrict the temperature increase caused by radiant heat for a longer period. Differences in the quantities of heat absorbed from samples by water evaporation with time have been verified experimentally.
Finite element analysis of temperature change of samples caused by heat of evaporation
The radiant heat-reducing effect of ceramics saturated with water by evaporation heat was confirmed from measurements of temperature changes caused when dry samples and samples saturated with water were irradiated with infrared light. For materials design, it is desirable that we estimate quantitatively the radiant heat-reducing effect by evaporation heat on ceramics with arbitrary water absorption capacities because the radiant heat-reducing ability depends on the amount of water included in the samples. A general method to predict the temperature-reducing effect by evaporation heat of water-retentive pavement blocks could not be found although the temperature-reducing effect has been verified experimentally (The society for the study on suppressing temperature rise of road surface, 2011). It is necessary to establish a method to predict accurately the temperature-reducing ability by evaporation heat of water retentive pavement blocks. Therefore, we attempted to assume the temperature-reducing effect by evaporation heat of samples that absorb water by performing finite element analyses. Figure 12 shows the two-dimensional FEM model. Table 3 shows the computational conditions. We used Marc/Mentat FEM code. The FEM model corresponds to the cross section of specimens used for experiments (see Fig.  2 ). Lines AB and CD express front and rear sample surfaces, respectively. We distributed a uniform heat flux Q 1 by radiant heat on AB and a uniform heat flux Q 2 by heat transfer between the sample and air on AB, BC, CD and DA. In addition, we distributed a heat flux Q 3 by water evaporation on AB, BC, CD and DA. The heat flux Q 3 was approximated by dividing the quantity of heat per unit time absorbed from each sample by all the sample surface areas. Here, as for the distribution of the heat flux Q 3 by water evaporation, in actual pavement blocks that are buried underground, we probably should distribute it only on the frontal surface of the sample. In this FEM analysis, we set the heat flux to all sample surfaces because all sample surfaces are exposed to the air, as shown in Fig. 2 . Figures 13 and 14 show the sample temperature distributions and surface temperature changes with time from FEM analyses, respectively. Temperature distributions are exhibited after 10 h since samples that absorb water were irradiated with infrared light. Temporal surface temperature changes on samples exhibit temperature changes at Node P in the FEM model. The temperature of each sample obtained from FEM analyses changes with time, similar to those of the experimental results in Fig. 10 . It is believed that we can estimate the temperature-reducing ability by evaporation heat on ceramic samples with arbitrary size and water absorption capacity by measuring the rate of water evaporated from a sample and by performing thermal analysis using FEM.
Finally, we describe the recycling of ceramics made from clay and GFRP. The ceramics can be recycled through milling, forming and firing processes like conventional ceramics. The experiments to recycle Clay/ 20% GFRP ceramic specimens confirmed that. The properties of recycled ceramics will be clarified in the future.
Conclusions
To recycle waste GFRP and to moderate the heat island phenomenon, we aimed to develop a pavement block from clay and waste GFRP that could decrease radiant heat through the use of ceramics. A clay/GFRP ceramic had sufficient strength for use as a pavement block, and the ability to readily absorb water because of its porous nature. This results in a decrease in radiant heat by evaporation. The thermal conductivity of the ceramic was also lower than those of mortar and ceramics from clay alone. Ceramics made from clay and GFRP could lower indoor temperatures in the summer if they were used as tiles on exterior walls and roof tops. It is expected that the ceramic could be used for civil engineering materials such as a pavement blocks and building tiles as a countermeasure against the heat island phenomenon. 
